Concrete has been used in the construction of nuclear power plants (NPPs) due to three primary properties: its low cost, structural strength, and ability to shield radiation. Examples of concrete structures important to the safety of Light Water Reactor (LWR) plants include the containment building, spent fuel pool, and cooling towers. Use in these structures has made concrete's long-term performance crucial for the safe operation of commercial NPPs. Extending LWR operating period to 60 years and beyond will likely increase susceptibility and severity of known forms of degradation. New mechanisms of materials degradation are also possible. This creates the need to be able to nondestructively evaluate the current subsurface concrete condition of aging concrete material in NPP structures. The size and complexity of NPP containment structures and heterogeneity of Portland cement concrete make characterization of the degradation extent a difficult task. Specially designed and fabricated test specimens can provide realistic flaws that are similar to actual flaws in terms of how they interact with a particular nondestructive evaluation (NDE) technique. Artificial test blocks allow the isolation of certain testing problems as well as the variation of certain parameters. Representative large heavily reinforced concrete specimens would allow for comparative testing to evaluate the state-of-the-art NDE in this area and to identify additional developments necessary to address the challenges potentially found in NPPs.
INTRODUCTION
A multitude of concrete-based structures are typically part of a light water reactor (LWR) plant to provide foundation, support, shielding, and containment functions. With respect to the concrete structures, age-related degradation may affect engineering properties, structural resistance/capacity, failure mode, and location of failure initiation that in turn may affect the ability of a structure to withstand challenges in service. In order to ensure the safe operation of nuclear power plants (NPPs), it is essential that the effects of potential degradation of the plant structures, systems, and components be assessed and managed during both the current operating license period as well as subsequent license renewal periods. In contrast to many mechanical and electrical components, replacement of many concrete structures is impractical. Therefore, it is necessary that safety issues related to plant aging and continued service of the concrete structures are resolved through sound scientific and engineering understanding.
Unlike most metallic materials, reinforced concrete is a non-homogeneous material, a composite with low density matrix, a mixture of cement, sand, aggregate and water, and a high density reinforcement (typically 5% in NPP containment structures), made up of steel rebar or tendons. 1 Plants have been typically built with local cement and aggregate fulfilling the design specification regarding strength, workability, and durability, but as a consequence, each plants concrete composition is unique and complex. In addition, NPPs concrete structures often have limited accessibility, contain large volumes and massively thick concrete structures that are exposed to different environments (moisture, temperature), and a diversity of degradation mechanisms (high temperatures, radiation exposure, chemical reactions) at different plant sites, all of which adds to the complexity of determining the integrity/quality of the concrete. 2 Suitable concrete specimens that are representative of NPP concrete cross sections are needed for NDE and testing of instrumentation and measurement techniques. Adequate test blocks/specimens play a key role, since they can provide defined conditions under which the different NDE concrete measurement methods can be evaluated.
Size considerations
Comparative testing on the various NDE concrete measurement techniques will require concrete specimens with known material properties, voids, internal microstructure flaws, and reinforcement locations. To minimize artifacts caused by boundary effects, the dimensions of the specimens should not be too compact. The exact size of the specimen depends on the NDE method used. The minimum dimensions of the test specimen are directly related to the thickness of the specimen. For many NDE ultrasonic techniques, the first reflected wave received is normally assumed to be from the rear surface. If the ultrasonic wave is modeled as a spherical propagation from the point source, the distance from the source location to the rear surface must be the minimum dimension. However, multiple ultrasonic transducers can be utilized to beamform the generated ultrasonic wave giving it more directional proprogational properties. Therefore, using ultrasonic arrays for NDE may reduce the necessary size of the concrete specimen.
Since it is not feasible to build specimens that are to the scale of in-service structures, compact sample specimens must be built while still replicating the NDE needs of real structures. This includes minimizing artifacts caused by boundary effects. Although significant NDE research has been conducted on relatively thin concrete structures to assess pavement, bridge decks, and other infrastructures applications, construction of large reinforced concrete specimens specifically for NDE comparisons is less common. 3 Comparative studies have shown various NDE techniques to be successful in identifying the types of internal characteristics of interest. However, these applications are typically conducted to evaluate thin specimens (~1 ft. in thickness), while NPP containment walls are often much thicker (over 3 ft. in thickness). 4 Even though previous results for thinner specimens show promise in the ability to nondestructively evaluate internal characteristics, the results need to be validated for thicker and more heavily reinforced structures. Two major NDE challenges associated with thicker structures remain: 1) low signal-to-noise ratio with greater depths due to heterogeneous materials with a dense and complex arrangement of reinforcements, and 2) effects from boundaries at similar distances to the region of interest.
Specimens from existing structures
Concrete samples that have been removed from operating reactors and exposed to known degradation mechanisms (different levels of radiation, temperature, and chemical reactions) provide the most realistic concrete aging specimens. While there are several commercial NPPs undergoing the decommissioning process, the required dimensions of the specimens create challenges since many concrete structures in a NPP are approximately a meter thick. The acquisition of such samples can be prohibitive due to the costs of transporting such a large concrete structure and the transfer of ownership for a potentially radioactive specimen. In addition, the record of environmental conditions of any harvested section from an existing structure will likely be incomplete adding additional unknowns.
Other than specimens obtained from decommissioned NPPs, some research reactors such as the High Flux Isotope Reactor (HFIR) located at ORNL possess thick, heavily reinforced concrete structures. Although these structures may not be as extensive as those of commercial NPPs, these structures have, in many cases, been irradiated for many years making them typical of several concrete structures in commercial NPPs.
Specially fabricated specimens
Fortunately, concrete specimens can be artificially created under laboratory conditions where the various properties can be controlled to substitute for concrete samples typically obtained from nuclear structures. Artificial test blocks allow the isolation as well as the variation of certain testing parameters. Due to the controlled conditions in the laboratory, the number of unknown variables can be decreased which makes it possible to focus on specific aspects, investigate them in detail, and gain further information on the capabilities and limitations of the methods. However, the materials used for the fabrication of the artificial test blocks may not be representative of the original concrete fabricated some 40 to 50 years ago, old cements being usually coarser than present-day cement. Fine cements set and hydrate quickly, generating a high heat release at an early age that can cause thermal cracking and potentially delayed ettringite formation if not cured correctly. The original admixture (plasticizer, etc.) may not be available anymore. Therefore the design of specially fabricated specimens must take these factors into consideration.
LARGE CONCRETE SPECIMEN REPRESENTATIVE OF NPP CONTAINMENT
While the design of a large concrete specimen mitigates some of the boundary effect concerns, it creates some additional complexities involved with forming such a large reinforced concrete specimen. Beyond the efforts required to cast and properly consolidate a large concrete specimen, the ability to maneuver and transport the specimen can be restrictive.
Turn off your engines. Exhaust tenses will enter the building
Often specimens need to be tilted to allow for actuator loading at the correct orientation or, in this case, NDE data collection access. Additionally, there are times where the specimen needs to be cast in a different location than the testing location to mitigate concrete truck or other access issues. The weight of the specimen is a major factor in this regard, where reinforced concrete is typically 150 lbs/ft 3 and 162 lbs/ft 3 assuming a reported NPP 5% steel by volume ratio. This can be restrictive for the use of a typical structural laboratory crane 20-ton (40,000 lbs) load capacity. There can also be restrictions due to the large specimen dimensions even if the specimen is cast in the location and orientation necessary to conduct the testing. While infrastructure specimens can easily be cut to desired dimensions along the thickness cross section for disposal, this technique is not straightforward for disposal of the specimens meeting NPP containment structure thickness requirements. This can also create restrictions beyond the weight limits of crane operation. For example, the smallest dimension of the specimen and crane fixture mechanism is required to be less than the smallest dimension of clearance between the crane and floor along the path to the disposal site, assuming the specimen is instrumented to allow for rotation to the desired specimen orientation.
Thick specimen dimensions and reinforcement
Concrete structures in NPPs are typically 3 to 4 feet thick along the wall and dome of the containment structure. Therefore, a specimen thickness of 3 feet 4 inches (1.016 m) was chosen. This thickness is consistent with NPP containment wall specifications. The height and width of the specimen was constricted to 7 feet to accommodate use of a maximum 20-ton crane while still mitigating boundary effects. NPP concrete is normally embedded with heavily reinforced cross sections using mild steel #18 bars (2.257 inch diameter, 4.00 in 2 cross sectional area) and #8 bars (1.000 inch diameter, 0.79 in 2 cross sectional area) at 6 to 12 in spacing. The type and spacing of the reinforcement has a significant effect on shielding evaluation of defects below the level of reinforcements, especially when using ground penetrating radar (GPR) since electromagnetic waves are extremely sensitive to metal. While elastic wave-based methods are less sensitive to reinforcement than GPR, characterization of defects within more heavily reinforced structures are more difficult than for less heavily reinforced structures. The constructed specimen contained #18 rebar at 12 in. spacing in both horizontal and vertical orientation. This provides a realistic reinforcement size that also allows for space between reinforcement for semi-controlled evaluation of the effects of concrete depth on defect characterization. This will also allow for differentiation between complexities caused by dense levels of reinforcement versus complexities caused by depth of penetration within concrete, while still observing the effects of the uniquely large diameter reinforcement used in NPP structures. The #18 reinforcement size and arrangement at an intermediate stage of the formwork process is shown in Figure 1 . The constructed concrete dimensions and reinforcement pattern chosen to represent a typical NPP containment structure in this report are shown in Figure 2 , Figure 3 , and Figure 4 . The cross-sectional view shown in Figure 2 shows the two vertical rebar, 7 inches from edge to center and horizontal rebar placed throughout the length of the wall leaving 4 inches of concrete cover from the shallowest rebar edge to the testing surface. The horizontal rebar is designed to have 5 inches of concrete cover from both ends in each direction to allow for proper concrete cover as can be observed from / reinforcement pattern of a typical NPP containment wall. The reinforcement pattern is similar for both sides of access, allowing evaluation of the effect of different depths using only one defect by comparing results of testing on both sides of the specimen. Although access to both sides would allow for test methods using two-sided access measurements, the testing should focus on one-side per measurement to simulate realistic containment wall access conditions. 
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Specimen Material and Simulated Defects
Concrete material properties of the various NPP concrete structures depend on the materials used during construction of the specimen. The material used at each NPP site is variable depending on the distance from aggregate and cement sources in the area. Additionally, the early age material properties resulting from each mix design are different than the material properties 50 years after the beginning of the curing process. Theoretically, the mix design of example NPP locations could be replicated to determine the effect of material properties on NDE methods. However, since the mix designs are variable from site to site, materials from 50 years ago are not easily obtained, and early age properties are not representative of older concrete, the proposed mix was designed to make the Portland cement concrete (PCC) matrix surrounding the simulated defects and reinforcement pattern as controlled and consistent as possible. By taking into account the large size of the specimen, complex nature of the reinforcement and simulated defects, and goals of limiting the variables other than the known defect and reinforcement locations, a self-consolidating (SCC) performance-based mix was chosen. The use of SCC mix provided consistent consolidation and low stress on embedded defects without the need for vibration. This also mitigated concerns of the simulated defects damaging or moving from their desired location during the pour.
The simulated defects were embedded to determine how the current state-of-the-practice NDE techniques will be able to determine various forms of degradation in NPP concrete structures. This is a difficult task since, to date, limited comparisons of state-of-the-art methods have been conducted at the size and reinforcement density of LWR containment structures on controlled specimens, or verified through forensic activities. The constructed specimen is designed to allow for assessment of controlled benchmark defects from previous studies in a more heavily reinforced concrete structure as well as evaluation of realistic defects to ensure that the correct type of features for effective NPP NDE are included.
The controlled defects embedded in the proposed wall sample include sufficiently challenging inclusions to ensure that limitations of even the most advanced methods are able to be quantified. At the same time, some of the proposed defects are designed to be identifiable by a majority of the methods. This will ensure that the methods that are not close to the desired achievement can be eliminated from consideration, while the baseline level of achievement of the methods performing well can be identified.
The realistic defects are designed to represent activities that could have occurred during the construction process and/or cumulative deterioration and degradation of the concrete with time. Some of the aging related degradation mechanisms cannot be reproduced due to time constraints, while more realistic construction defect simulation can cause less repeatable results and can be difficult to quantify. However, designing the defects solely to be repeatable and not realistic can lead to the wrong conclusions when evaluating the various NDE techniques. For example, the NDE attributes determined to be desirable based on good performance on the test block may not be useful for evaluation of commercial concrete NPP structures if the defects are not realistic enough.
With these factors in mind, the defects were designed to give a mix of realistic and controlled defects for assessment of both the necessary measures needed to overcome the challenges with more heavily reinforced concrete structures, while also ensuring the correct type of features for effective NPP evaluation have been included. Information on each of the twenty defects is shown in Table 1 . Porous concrete such as Defect 3 was embedded to create a section of realistic smaller voids that can be caused by many different concrete aging mechanisms such as alkali-silica reactions or deterioration. Some of the porous concrete defects were pre-covered with concrete paste to keep the SCC from infiltrating the concrete voids during constructions. Figure 5 shows Defect 3 prior to being installed in the thick specimen. Defect 12 is made of Styrofoam with a tube inserted to pour acetone to leave an air void after the concrete pour. Defect 12 was embedded to create a controlled voided area in the specimen similar to a large delamination as reported in both the transportation and NPP industries. 5, 6 Proc. of SPIE Vol. 9439 943905-6
v` ''+?.w After the defects were secured into location, the thick specimen was poured horizontally which required the specimen to be tilted after casting. Even though curing properties sometimes depend on their orientation during casting, this was the most attractive design since it offered the less interference with the placement of defects and less potential for unplanned consolidation issues. Figure 7 shows the fabricated specimen ready for NDE measurements. 
INITIAL ANALYSIS
Linear array ultrasound measurements were taken independently on both sides of the specimen after it was tilted into position as shown in Figure 7 . The systematic data collection process allows for synthetic aperture focusing technique (SAFT) based reconstructions of the subsurface characteristics. This type of analysis has been successfully used to create volumetric imaging of the type of defects embedded in this specimen, although for a smaller, less heavily reinforced specimen. 4 Initial analysis shows that a similar type of analysis can be applied to the larger, more heavily reinforced specimen in this study when the defects are relatively shallow (<= 400 mm), especially if the defect is located between reinforced concrete locations.
Defect 12 consists of a 12 in. (305 mm) by 12 in. (305 mm) by 0.5 in (13 mm) Styrofoam block centered between reinforcements. The Styrofoam block was dissolved after the thick concrete specimen was casted by pouring acetone into an embedded tube (see Figure 5 ). Defect 12 is 283 mm from one side of the thick specimen and 733 mm from the other. Figure 8 shows the SAFT reconstruction showing the reflectivity at Defect 12 as measured from the closest side of the thick specimen. Figure 9 shows the SAFT reconstruction showing the reflectivity at Defect 12 as measured from the furthermost side of the thick specimen. While an increase in reflectivity is observed in both cases, the threshold to be able to see the deeper defect is significantly lower (~150 relative reflectivity versus ~250 relative reflectivity). The need for a lower threshold can cause signal to noise issues as structural noise (such as aggregate and nominal air void content) becomes more prevalent in the reconstruction. This is especially true at the specimen thickness depth of 40 in. (1016 mm).
Length Position, mm
Depth, mm 
CONCLUSIONS
Comparative NDE of various defects in reinforced concrete specimens is a key component in identifying the most promising techniques and directing the research and development efforts needed to characterize concrete degradation in commercial NPPs. This requires access to the specimens for data collection using state-of-the-art technology. Validation data is needed to properly evaluate the effectiveness of the techniques. In this case, the various defects should be created, well defined, and/or feasible to be evaluated forensically. It is also critical that the evaluation specimen and embedded defects are representative of in-service NPP structure concrete.
In the past, multiple comparative NDE studies have been conducted on reinforced concrete structures that are not as thick or heavily reinforced as typical commercial NPP reinforced concrete structures. Results of the comparative studies on these specimens showed the promise of various techniques in evaluating concrete degradation, providing the basis of the conceptual designs from this study. The results from the comparative testing on the thinner structures must be validated under NPP reinforced concrete conditions where difficulties such as a lower signal-to-noise ratio with greater depth of penetration need to be resolved.
The construction of the specimen detailed above allows for an evaluation of how different NDE techniques may interact with the size and complexities of NPP concrete structures. These factors were taken into account when determining specimen size and features to ensure a realistic design. The lateral dimensions of the specimen were also chosen to mitigate unrealistic boundary effects that would not affect the results of field NPP concrete testing. Preliminary results show that, while the current methods are able to identify some of the deeper defects, improvements in data processing or hardware are necessary to be able to achieve the precision and reliability achieved in evaluating thinner and less heavily reinforced concrete structures.
